Mixing of miscible solvents in order to enhance solubility of poorly soluble compounds is a very common method in chemical and pharmaceutical industries. The cosolvency phenomenon is important in liquid drug formulations, chemical separation, petroleum industry and environmental studies. In most cases, addition of one cosolvent to the main solvent, e.g. water in pharmaceutical applications, is not able to dissolve the compound in desired concentrations and one should add the second cosolvent.
Mixing of miscible solvents in order to enhance solubility of poorly soluble compounds is a very common method in chemical and pharmaceutical industries. The cosolvency phenomenon is important in liquid drug formulations, chemical separation, petroleum industry and environmental studies. In most cases, addition of one cosolvent to the main solvent, e.g. water in pharmaceutical applications, is not able to dissolve the compound in desired concentrations and one should add the second cosolvent. [2] [3] [4] [5] Using two or more cosolvents in mixed solvent systems improves the solubility of the solute and also decreases the risk of toxicity. In pharmaceutical applications, the concentration of the cosolvents should be kept as low as possible, because of toxicity and cost effects. The often method to optimise the cosolvent concentration in pharmaceutical industries is based on trial and error approach. In order to present a rational method to optimise the colsolvents' concentrations in ternary solvent mixtures based on sub-binary data, anthracene solubility data in mixed solvents have been employed as a model system. It is obvious that one can employ the proposed procedure to calculate drug solubilities in aqueous ternary systems. Anthracene is a polycyclic aromatic hydrocarbon and solubility data of polycyclic aromatic hydrocarbons are becoming increasingly important in the petroleum industry, particularly in light of present trends towards heavier feedstock's and known carcinogenicity and/or mutagenicity of many of the larger polycyclic aromatic compounds.
In addition to the experimental measurements of solute solubility in mixed solvents, there are numerous models for calculating and/or correlating solubility data. We have previously summarised many of these models in and also compared their accuracy.
6) The final goal of developing cosolvency equations is that it enables researchers to predict the solute solubility in mixed solvents from a minimum number of experiments. Group contribution methods, such as universal functional group activity coefficient (UNIFAC), have proved fairly successful in estimating solid solubility in solvent mixtures from structural information. The predictive ability of the UNIFAC model for biphenyl solubilities in several binary mixed solvents was reported in a previous paper. 7) An alternative method to predict the solubility in mixed solvents is to use the correlative cosolvency models after training the models by employing measured solubilities at given cosolvent concentrations and predicting at other cosolvent concentrations by interpolation technique. It has been shown that solubility prediction in binary solvents based on trained models using insufficient experimental data points produced unacceptable errors. 8) On the other hand, Bustamante and coworkers 9) employed a modified form of the extended Hildebrand solubility approach to correlate structurally related drug solubility in binary solvent mixtures. The authors used the solute solubility in water and cosolvent, the solute solubility parameter, the Hildebrand solubility parameter of the solvent and the basic solubility parameter of the mixed solvent as independent variables. This approach is a useful solution to predict the solubility of the chemically related drugs which is often used in drug discovery studies where different derivatives of a drug/drug candidate are synthesised and evaluated . In a recent paper, 10) the applicability of the combined nearly ideal binary solvent/Redlich-Kister model for reproducing solubility data of structurally related drugs in binary solvents was presented. It was also shown that the prediction error of the later model is less than that of the modified form of the extended Hildebrand solubility approach. 10) In the present paper, the capability of the combined nearly ideal binary solvent/Redlich-Kister and the modified Wilson models for predicting solute solubility in ternary mixtures based on the model constants calculated by employing solubility data in sub-binary solvents, is presented. Usually, solubility data in binary solvents has been determined and in the case of inefficient solubilization by binary system, a possible solution is to use ternary solvent mixtures. The produced experimental binary data from the early stage can be used to predict solubility in ternary solvents as it has been shown in this report. Also, the published cosolvency models in binary solvents are extended in order to reproduce the solute solubility in ternary mixtures. Accuracy of the models is compared with that of an extended form of the combined nearly ideal binary solvent/Redlich-Kister equation.
Theoretical Background The combined nearly ideal bi-nary solvent/Redlich-Kister equation was suggested to reproduce the solubility profile in binary solvents, based upon the thermodynamic mixing model. 11) Our previous reports have shown that the combined nearly ideal binary solvent/Redlich-Kister equation is the most accurate model for calculating and/or correlating solute solubility data in binary solvents. 6, 12) It can be readily extended to describe solute solubility in ternary solvent mixtures. The obtained model represents the thermodynamic extension of the basic mixing model to a quaternary solution. For convenience, the equation is written in terms of the natural logarithm of the mole fraction solubilities of the solute. The fixed values of RT (R is the molar gas constant and T denotes absolute temperature of the solution) at a constant temperature are incorporated into the model constants. The extended form of the model is expressed by Eq. 1:
Where X m is the solute mole fraction solubility in mixed solvent, f 1 , f 2 and f 3 represent the solute free volume fraction of solvents 1, 2 and 3, respectively, X 1 , X 2 and X 3 denote the solute mole fraction solubility in pure solvents 1, 2 and 3, W i , W i Ј and W i Љ are binary solvent-solute interaction terms which are calculated by employing binary solubility data via a least squares analysis (for details see appendix). In the Eq. 1 the value of p can be varied from 0-3.
An alternative equation is the modified Wilson model, which has been demonstrated as producing comparable results with the combined nearly ideal binary solvent/RedlichKister model. 13) It is possible to extend it for ternary solvent mixtures, such that: (2) Where X i s is ideal mole fraction solubility of the solute and l 12 , l 21 , l 13 , l 31 , l 23 and l 32 are the model constants, which are calculated from sub-binary solubility data.
In order to examine the applicability of these equations to real data, the prediction of anthracene solubility in ternary solvents, employed published solubility data in binary solvents and this allowed the calculation of the binary solvent-solute interaction constants. The binary interaction terms for the combined nearly ideal binary solvent/RedlichKister equation and the modified Wilson model were taken from the literature (for reference numbers, see Table 1 ). From these binary interaction terms, anthracene solubility in ternary solvents was predicted by using Eqs. 1 and 2.
In order to check the best fitness ability of various published models, the experimental data in ternary solvents were fitted to different equations. From this the correlative ability of the combined nearly ideal binary solvent/Redlich-Kister model was compared with that of the excess free energy model, the extended form of a mixture response surface method and the modified form of the extended Hildebrand solubility model. These equations and the related extensions for correlating solubility data in ternary solvents, are briefly reviewed for the models.
Martin and co-workers 14) presented the extended form of the Hildebrand solubility approach to correlate experimental solubility of drugs in aqueous mixed solvents. Their equation was also applicable to non-aqueous solvents. The model was presented by Eq. 3: (3) where V s is the molar volume of the solute, f m denotes the volume fraction of the solvent in the solution which can be assumed equal to unity, d m and d s are mixed solvent and solute's solubility parameters, respectively and WW is the interaction term and is calculated by: (4) The authors correlated the experimental values of the interaction term to a power series of solvent's solubility parameter, d m : (5) Where A i is the curve-fit parameter. The numerical values of d m for ternary solvent mixtures are calculated by Eq. 6:
In which d 1 , d 2 and d 3 are the solubility parameters of pure solvents 1, 2 and 3, respectively. However, it is possible to use the solute free volume fraction of solvents instead of d m , to correlate experimental values of WW 15) :
Where J 0 -J 9 are the curve-fit parameters. 
Where A denotes binary solvent-solvent interaction terms in the absence of the solute, subscripts 1, 2 and 3 refer to solvents 1, 2 and 3, and s refers to the solute, V represents the molar volume, G stands for the binary solvent-solute interac- 
Where M 1 -M 7 are the model constants which are calculated via the least squares analysis by employing solubility data in ternary solvents.
The mixture response surface model is presented for reproducing solute solubility data in binary solvents.
17) The original five constant term model is expressed by: (10) Where f Јϭ0.96fϩ0.02 and S 1 -S 5 are the model constants.
One can extend the model to describe solute solubility in ternary solvents as: (11) Where B 1 -B 10 denote the model constants.
To assess the prediction capability and the best fit ability of the models, we calculated percent deviation, %D, of backcalculated solubilities from experimental values by using Eq. 12: (12) Where N is the number of data points in each set, (X m ) Calc. denotes back-calculated data and (X m ) Exp . represents experimental solubilities which are taken from published papers. Tables 1 and 2 show the details of anthracene solubilities in binary and ternary solvent systems collected from our published papers. The employed binary interaction terms and the produced prediction errors (%D) by Eqs. 1 and 2 are shown in Tables 3 and 4 , respectively. Careful examination of these tables reveals that both Eqs. 1 and 2 provide accurate predictions for anthracene solubility in ternary solvent mixtures. The mean and standard deviation values of %D for 30 sets studied are 1.47Ϯ0.47 and 1.42Ϯ0.47, respectively for Eqs. 1 and 2. The difference between two mean values is not significant (t-test, pϾ0.05). Average %D values are less than 2% which is comparable to the experimental uncertainty, which suggests that both models can be employed to predict solute solubility in ternary solvents based on experimental solubilities in pure solvents and sub-binary mixtures. From a computational standpoint, Eq. 1 is likely to be preferred because the binary solvent-solute interaction terms can be calculated by a simple least squares analysis which is provided by scientific calculators and commercial software. Equation 2 is an alternative model and the corresponding binary solvent-solute interaction constants can be estimated by a nonlinear least squares analysis which is provided by most of the generally available statistical packages. It should be noted that there is a three-dimensional map for several parameter pairs against %D that describes the anthracene solubility within an acceptable error range. Any parameter set having a %D less than about 2% are sufficient for prediction purpose.
Computational Results and Discussion
The numerical value of X s i ϭ0.00984 22) used in Eqs. 2 and 3 was calculated from the molar enthalpy of fusion, DH s fus , at the normal melting point temperature of the solute, T mp : (13) Attempts to eliminate X s i from Eq. 2 in favour of a simplified version (X s i ϭ1) however proved unsuccessful with the anthracene solubility data in non-aqueous binary solvents. 20) In this study, the values of l 12 and l 21 were calculated by assuming X s i ϭ1 for sub-binary mixtures and the obtained %D is compared with that of original modified Wilson model. 13) There is no significant difference between the two %D values for binary mixtures. However, the predicted values of Eq. 2 for ternary solvent mixtures is more accurate than that of the simplified form of Eq. 2 (X s i ϭ1). Table 5 shows the accuracy of Eqs. 1, 7, 9 and 11 to correlate experimental solubilities in ternary solvents. The results Table 4 were computed using an in-house computer program 25) (For details, see appendix). The other l values were taken from the references. b) The anthracene solubility data in pure cyclohexane and 2,2,4-trimethylpentane were taken from ref. 22) Table 2 .
of analysis of variance indicate that the models produced comparable accuracy. It is suggested that this finding is acceptable, because it has been shown that all cosolvency models are identical from a mathematical point of view and one can convert the equations to a general form using simple algebraic manipulations.
Conclusion
The combined nearly ideal binary solvent/Redlich-Kister and the modified Wilson models are extended for predicting solute solubility in ternary (and higher multi-component) solvent mixtures based on the model constants calculated from solubility data in sub-binary solvents. Average %D values less than 2% illustrates that these models have a good prediction capability and one can use the models for solubility prediction in ternary or higher multi-component solvent mixtures in order to find the optimum solvent composition for solubilization or desolubilization of a solute. It is considered that the combined nearly ideal binary solvent/RedlichKister equation may be preferred by experimentalists because of its simplicity and availability for calculation by common software and scientific calculators. In the previous work it has been demonstrated that its application can be expanded to prediction of solubility in different temperatures 34) and solubility of structurally related solutes in mixed solvents. 10) Table 2 .
